1. Introduction {#sec1}
===============

As a kind of thermoplastic resin with excellent performance, poly(ethylene terephthalate) (PET) has been widely used in the production of textile fibers,^[@ref1]−[@ref3]^ packaging films,^[@ref4],[@ref5]^ and beverage bottles.^[@ref6]−[@ref9]^ However, it still has disadvantages such as a low crystallization rate and difficult molding process, which have always limited its application prospect in other fields.^[@ref10]−[@ref16]^ In addition, the viscosity, melt strength, and mechanical properties of PET are closely related to its molecular weight. Lowering the molecular weight of PET during the thermal, chemical, and oxidative degradation limits its use in other fields such as recycling and reprocessing.^[@ref17]−[@ref20]^

In recent years, the increase in the crystallization rate of PET has been mainly achieved by adding various nucleating agents. Lee et al.^[@ref21]^ synthesized a new nanoparticle-nucleating agent of aminopropyl-functionalized polyhedral oligomeric silsesquioxanes (A-POSS). It was found that the crystallization temperature and the crystallization rate of PET were increased by 1.2 and 2.7 times, respectively, by this nucleating agent. The chain extending and branching have been generally carried out for increasing the molecular chain of PET, and the fluidity of the product is decreased. Thus, the improvement of molding processability of PET has been achieved.^[@ref22]^ Li et al.^[@ref23]^ studied the effect of different chain extenders on the branching and cross-linking of PET. It was found that the intrinsic viscosity and rheological property of PET were significantly improved when poly(butylene terephthalate)-glycidyl methacrylate-styrene copolymer (PBT-GS) was used for chain extending.

The chemical chain-extending method is widely used in chain extending and tackifying modification of PET because the reaction condition that it needs is relatively low, and it has the advantages of low energy consumption and high efficiency compared with solid-state polycondensation and melt polycondensation. Chain extenders are normally small compounds with at least two functional groups, which are able to react with the end groups of polymers.^[@ref24]^ The chemically covalent bonds can be formed between polymers, leading to the chain extension and increased molecular weight of polymers. At the same time, the addition type of the chain extender is mostly used in the choice of the chain extender in order to avoid the fact that too many small molecule byproducts are produced and the chain-extending reaction is inhibited in the process of chain extending.^[@ref13],[@ref25]^ The chain extenders including pyromellitic dianhydride (PMDA), diisocyanates, and diepoxides have been extensively studied for the chain extension of polymers like PET.^[@ref26]−[@ref31]^ Raffa et al.^[@ref32]^ studied the PET extension and branching using two difunctional chain extenders, 1,6-diisocyanatohexane and 1,4-butanediol diglycidyl ether (EPOX). It was found that compared to diepoxide, the addition of diisocyanate led to an increase in viscosity of PET. Can et al.^[@ref33]^ investigated the effect of three different chain extenders including 1,4-phenylene-bis-oxazoline (PBO), 1,4-phenylene-diisocyanate (PDI), and triphenyl phosphite (TPP) on the mechanical property of the PET/PEN blend. It was found that the tensile strength could reach the optimum value after a certain amount of isocyanate was added. It has been proven that diisocyanates could act as effective chain extenders and be reactive toward the hydroxyl groups of PET, leading to the formation of stable covalent bonds.^[@ref32]^ So far, there have been many studies carried out on the chain extension of PET with bifunctional chain extenders. A simple and facile method to produce high molecular weight and increased viscosity PET materials is urgently needed.

The efficiency and possibility of the chain extension reaction of polyesters were effectively improved since the −NCO group of the isocyanate-based molecules had relatively high chemical activity. It can be assumed that trifunctional isocyanates containing three reactive isocyanate groups, which are able to react with three hydroxyl end groups of PET polymers, would have a great impact on the molecular weight, crystallization, and mechanical properties of PET. Note that C-HK is a highly toxic chemical. However, because it is the most important commercially and widely used chemical with highly reactive functional −NCO groups, it is still selected for our research work. In addition, there are a few related studies on the effect of the increased molecular weight with trifunctional chain extenders on the crystallization, flow, and mechanical property of PET.^[@ref34],[@ref35]^ Therefore, in this study, the chain-extending products of PET with different molecular weights were prepared by the chemical chain-extending method using isocyanate trimer as a chain extender. The effect of chain-extending PET with different molecular weights on the crystallization and mechanical properties was studied by using a differential scanning calorimeter, X-ray diffractometer, polarizing microscope, and universal testing machine.

2. Results and Discussion {#sec2}
=========================

2.1. Influence of the Amount of C-HK on the Chain-Extending Effect {#sec2.1}
------------------------------------------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the change trend of intrinsic viscosity and viscosity average molecular weight of pure PET (namely, the content of C-HK is 0 wt %) and chain-extending products with different contents of C-HK. Among them, when the content of the chain extender of C-HK is 1.6 wt %, the obtained chain-extending product contains a large amount of gel, and the experimental data obtained by using an Ubbelohde viscometer have no great comparability with other data.

![Change curves of intrinsic viscosity and viscosity average molecular weight of chain-extending PET with different contents of C-HK.](ao0c02815_0001){#fig1}

It can be seen from [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} that after the chain extender of C-HK is added, both intrinsic viscosity and viscosity average molecular weight of chain-extending products appear to have a of first decreasing then increasing and decreasing again. When the addition amount of C-HK is 1.4 wt %, the intrinsic viscosity and viscosity average molecular weight of chain-extending PET reach the maximum values of 1.61 dL·g^--1^ and 54,600 g·mol^--1^, respectively. At the same time, when the addition amount of C-HK is 0.6 and 1.6 wt%, the situation is that the chain-extending effect of products is lower than that of pure PET appears.

This is mainly due to the fact that during the entire reactive extrusion process, the chain-extending reactions of the promotion of chain growth and the improvement of molecular weight are involved, as well as the thermal oxygen degradation reaction that leads to the fracture of the molecular chain and the decrease in molecular weight.^[@ref36]^ In the early stage of the reaction, when the content of the chain extender is relatively low, the thermal oxygen degradation plays a dominant role, and the molecular weight of products decreases. With the increase in the content of the chain extender, the chain-extending reaction gradually dominates, and the molecular weight of products increases steadily, resulting in the products of chain-extending PET with different molecular weights being obtained (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, C-HK with functional −NCO groups can react chemically, during the extrusion process, with the hydroxyl groups of PET, increasing both molecular weight and viscosity of the polymer; in addition to the chain-extension reaction, there would also be a branching reaction. However, after the reaction degree inside the system reaches the maximum value, the excessive chain-extending effect will lead to the excessive entanglement among the molecular chain, which causes physical cross-linking. Finally, the intrinsic viscosity decreases obviously.

![Illustration of the chain extending of PET with C-HK.](ao0c02815_0002){#fig2}

2.2. Influence of the Amount of C-HK on the Flow Property of PET {#sec2.2}
----------------------------------------------------------------

The parameter of the MFR is directly corresponding to the melt viscosity and the molecular weight of polymers. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the MFR curve of the chain-extended PET after C-HK modification. It can be seen from [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} that at a lower C-HK content of 0.6%, the chain extension effect of PET is not obvious, the MFR of the chain extended PET is about 77.4 g/10 min, and it is basically no different from the MFR value 81.3 g/10 min of pure PET. After increasing the content of the chain extender CH-K, the chain extension effect of PET was gradually increased. Especially when the content of the chain extender in PET was greater than 0.6 wt % and less than 1.2 wt%, the effect of reducing the MFR value was more prominent. The MFR of the chain-extended PET was reduced from 77.4 to 34.8 g/10 min. When the amount of the chain extender is increased to 1.4 and 1.6 wt %, the molecular chain extension effect reaches the maximum value. In addition, it was most likely that the branching reaction of trifunctional chain extenders with the hydroxyl end groups of PET took place at a high concentration of C-HK. The increase in molecular weight and chain branching also causes the melt viscosity to reach a new height again, and the MFR further shows a small decrease. At the same time, the excessive physical entanglement between the longer molecular chains leads to the generation of gels. The melt gels are more difficult to pass through the dye. Therefore, under the same pressure and same time, the chain-extended PET containing the gel is passing through the dye with less melt mass, and the melt flow rate is lower. The MFR of the final partially cross-linked chain-extended PET reached 30.3 g/10 min.

![MFR curve of PET after chain extension as a function of the C-HK content.](ao0c02815_0003){#fig3}

2.3. Influence of the Amount of C-HK on Crystallization Capacity {#sec2.3}
----------------------------------------------------------------

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the melting curve and crystallization curve for chain-extending PET with different contents of C-HK. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} displays the corresponding characteristic value of pure PET and chain-extending PET samples during the melting and cooling process. As can be seen from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, the melting peak of pure PET appears at 250.4 °C, and the crystallization peak appears at 191.6 °C. The corresponding melting enthalpy and crystalline enthalpy are 43 and 48.3 J·g^--1^, respectively. After the addition of C-HK, the melting curve of chain-extending PET appears at the melting double peaks around 250 and 240 °C, respectively, and the melting peak gradually shifts to the low temperature.

![(a) Melting curve and (b) crystallization curve for chain-extending PET with different contents of C-HK.](ao0c02815_0004){#fig4}

###### Melting Curve and Crystallization Curve Characteristic Value of Pure PET and Chain-Extending PET Samples[a](#t1fn1){ref-type="table-fn"}

  C-HK content (%)   *T*~m1~/°C   *T*~m2~/°C   Δ*H*~m~/J·g^--1^   χ*~c~*/%   *T*~c~/°C   Δ*H*~c~/J·g^--1^   *t*~1/2~/min
  ------------------ ------------ ------------ ------------------ ---------- ----------- ------------------ --------------
  0                  250.4                     43                 30.7       191.6       --48.3             3.2
  0.6                251.3        243.6        43.3               30.9       206.8       --47.0             1.4
  0.8                252.3        244.2        40.9               29.2       203.8       --46.6             1.8
  1.0                250.9        241.9        39.8               28.4       202.1       --43.0             1.7
  1.2                251.2        241.5        39.6               28.3       200.5       --42.4             1.7
  1.4                248.5        238.5        36.5               26.0       191.9       --42.1             1.8
  1.6                246.8        240.3        34.2               24.4       200.3       --35.4             1.5

Note: *T*~m1~ and *T*~m2~ are the melting peak temperatures, Δ*H*~m~ is the melting enthalpy, χ~c~ is the crystallinity, *T*~c~ is the crystallization peak temperature, Δ*H*~c~ is the crystallization enthalpy, and *t*~1/2~ is the semicrystallization time.

The literature points out^[@ref37]^ that there are two main reasons for the emergence of multiple melting peaks: first, the samples contain a variety of the crystallization of the crystalline polymer. Second, the chain segment with original nonregular arrangement rearranges again after endothermicity in the melting process, carries out endothermicity in the vicinity of melting point, and melts again. The latter is more likely to be due to the finding that the increase in molecular weight does not change the crystallinity of PET in the subsequent analysis. It shows that the molecular weight is greatly improved. Meanwhile, the level of difficulty of regular arrangement for molecular chains is significantly affected. It is difficult for the longer molecular chain to achieve the rearrangement completely within the limited crystallization time.

It can also be found in the cooling curve that PET with chain-extending shows a higher crystallization temperature and lower semicrystallization time compared to pure PET. The results show that the initial condition that the crystallization of PET with chain extending requires is lower, and the time that the crystallization process consumes is shorter. Furthermore, it is found in the heating curve, with the increase in the molecular weight, the crystallinity of chain-extending PET gradually decreases. This is because the molecular weight is higher, and the melt viscosity is greater under the same crystallization condition. The movement of the chain segment is limited. Thus, it is even more difficult to regularly align to form a highly ordered lattice. At the same time, the decrease in crystallinity leads to lower energy absorption that is needed to break the lattice upon melting, which is the reason why the melting peak shifts to the left.

2.4. Influence of the Amount of C-HK on Crystallization Morphology {#sec2.4}
------------------------------------------------------------------

For the crystalline polymer, the molecular structure and crystallization condition greatly affect the crystallization rate, and the crystallization rate has a significant impact on the crystallinity and crystalline morphology of the polymer. For PET as a crystalline polyester, especially after the chain extending and branching, the influence of the molecular structure on crystalline morphology of the polymer is more significant. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} below shows POM images of pure PET and PET with chain extending with different molecular weights.

![POM image of (a) pure PET and PET after the chain extending with the addition of C-HK: (b) 0.6, (c) 0.8, (d) 1.0, (e) 1.2, (f) 1.4, and (g) 1.6%.](ao0c02815_0005){#fig5}

Since the spherulites are the main crystalline form of the polymer, it can be observed from [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a that significant spherulites are produced in pure PET at 220 °C after isothermal crystallization for 5 min, and the crystal size is relatively large. From [Section [2.1](#sec2.1){ref-type="other"}](#sec2.1){ref-type="other"}, we can see that the molecular weight of PET significantly decreases with the addition of a 0.6 wt % chain extender. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, it is found that the decrease in molecular weight significantly makes the crystallization rate of PET increase, resulting in the highest number of spherulites and the most obvious refinement phenomenon of spherulites. With the gradual increase in molecular weight, smaller spherulites with obvious black-cross extinction appear on the POM images, the number of spherulites gradually decreases, and the phenomenon of grain refinement still exists. It is also found in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}g that the distribution of spherulites apparently becomes non-uniform when the cross-linking occurs inside the polymer. It can be seen that after the molecular weight is increased, the longer molecular chain limits the movement of the chain segment, and the crystallization rate is gradually decreased. In particular, after the physical cross-linking, the generated spherulites are unevenly distributed, and the growth rate of spherulites varies for each region.

2.5. Influence of the Amount of C-HK on the Crystal Structure {#sec2.5}
-------------------------------------------------------------

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows XRD patterns of PET extended with different contents of C-HK after annealing under the same condition. It can be seen from [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} that the diffraction peaks of pure PET appear at 16.1, 17.5, 21.4, 22.6, 26.0, 32.7, and 41.9°, which is corresponding to the facets of \[01̅1\], \[010\], \[1̅11\], \[1̅10\], \[100\], \[02̅1\], and \[1̅05\], respectively. PET belongs to the triclinic system and has only one kind of the crystal. After adding C-HK, the chain-extending PET still appears to have a dispersed diffraction peak. The peak position does not change significantly. A new diffraction peak does not appear, and the diffraction peak does not disappear. It is indicated that PET with a single crystal structure is unchanged by the chain extending.

![XRD patterns of PET extended with different contents of C-HK after annealing under the same condition.](ao0c02815_0006){#fig6}

2.6. Influence of the Amount of C-HK on the Mechanical Property {#sec2.6}
---------------------------------------------------------------

From [Section [2.4](#sec2.4){ref-type="other"}](#sec2.4){ref-type="other"}, it can be seen that the increase in molecular weight plays an important role in grain refinement. The structure of spherulites plays an important role in the mechanical property of the polymer. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows the curves of the mechanical property of pure PET and PET with the addition of different parts of C-HK, which reflects the influence of molecular weight on the tensile strength, bending strength, and impact strength before and after the chain-extending, respectively.

![Curves of the mechanical property of the chain-extending PET with different contents of C-HK.](ao0c02815_0007){#fig7}

From [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, it is found that the tensile strength generally decreases and fluctuates in the range of 50--55 N/mm^2^ after the modification of C-HK. However, the impact strength and bending strength have relatively large change. The bending strength of pure PET is 73.8 MPa. When the addition amount of C-HK is 1.6 wt %, the bending strength of chain-extending PET reaches a maximum value of 115.8 MPa. The impact strength of PET is 18.9 kJ/m^2^. When the addition amount of C-HK is 1.4 wt %, the impact strength of chain-extending PET reaches a maximum value of 98.8 kJ/m^2^. After the content of the chain extender is continuously increased, the impact strength significantly decreased.

From [Section [2.4](#sec2.4){ref-type="other"}](#sec2.4){ref-type="other"}, it is found that the increase in molecular weight accelerates the crystallization rate of PET and results in more and smaller spherulites, which indicates that after being subjected to external force, the grain with more compact arrangement is better able to be subjected to the stress and disperses to the surrounding, thereby reducing the phenomenon of local stress concentration. At the same time, after the molecular weight has been increased, the lower crystallinity provides more space for slippage among the molecular chain within the amorphous region, resulting in the fact that more energy can be absorbed. Under the co-effect of two kinds of factors, the ultimate performance is a significant improvement in bending strength and impact strength. However, after the chain extending and branching, the distance of the molecule increases, and the interaction force decreases for the molecule chain. As a result, the tensile strength significantly decreases. However, with the increase in the degree of chain extending, the tensile strength can still show the trend of gradual increase. At the same time, when the addition amount of C-HK is 1.6 wt %, the slight physical cross-linking in the products has a great influence on impact strength and has no obvious effect on tensile strength and bending strength.

3. Conclusions {#sec3}
==============

The products of chain-extending PET with different viscosity average molecular weights were prepared by C-HK chain extending, wherein, the viscosity average molecular weight of chain-extending products was the lowest at 17,700 g·mol^--1^ and the highest at 54,600 g·mol^--1^. It is subsequently found that the melting double peak appears in chain-extending products without changing the crystal structure by the chain-extending effect. The melting and crystallization peaks tend to shift to a lower temperature with the increase in molecular weight. At the same time, the chain-extending products with high molecular weight have lower crystallinity and shorter semicrystallization time. When the content of C-HK is 1.6 wt %, the crystallinity and semicrystallization time reach the lowest values at 24.4% and 1.5 min, respectively. Compared with the large-size spherulites of pure PET, the grain size of chain-extending PET with high molecular weight is significantly decreased, and the arrangement of spherulites is more compact. The bending and unnotched impact properties of PET are improved by higher molecular weight in a great extent. While the tensile strength slightly decreases, the bending strength increases from pure PET of 73.8 up to 115.8 MPa, and the impact strength increases from pure PET of 18.9 up to 98.8 kJ/m^2^. Therefore, in summary, the PET products with a more excellent bending property and impact property are obtained by the modification. In the future, an effort will be made to find the suitable chemicals with low toxicity and high activity for the PET chain extension.

4. Materials and Methods {#sec4}
========================

4.1. Materials {#sec4.1}
--------------

WB-8816 PET was purchased from Changzhou Huarun Polyester Co., Ltd. and its intrinsic viscosity was \[η\] = 0.81 dL/g. The trifunctional chain extender of isocyanate trimer CORONATE HK (C-HK) was purchased from Tosoh Corporation, Japan, and the content of NCO (%) in it was 19.3--20.7. The 1010 antioxidant, phenol with analytical purity, and tetrachloroethane with analytical purity were purchased from BASF China Limited Company, Shanghai Lingfeng Chemical Reagent Co., Ltd. and Shanghai Lingfeng Chemical Reagent Co., Ltd., respectively.

4.2. Preparation of Chain-Extending PET {#sec4.2}
---------------------------------------

Pure PET pellets were dried in a blast oven at 120 °C for 12 h to avoid the degradation reactions caused by moisture. The dried pellets were mixed with a certain amount of antioxidant, and 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 wt% chain extenders of C-HK were added respectively. After the even mixing, the mixture was added into a twin-screw extruder to carry out reactive extrusion. The temperature of the twin-screw extruder was set to 210, 230, 240, 250, 260, 265, 265, 265, and 260 °C for each stage followed by cutting granulation. The resulting pellets were placed into a blast oven at 120 °C and dried for 10 h to obtain the final chain-extending products.

4.3. Determination of Intrinsic Viscosity {#sec4.3}
-----------------------------------------

A small amount of the PET sample was taken and dissolved in the mixed solution of phenol/tetrachloroethane (*w*~phenol~/*w*~tetrachloroethane~ = 50/50).^[@ref38]^ The test was carried out by using an Ubbelohde viscometer at 25 °C. The intrinsic viscosity of the product was calculated by [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}--[3](#eq3){ref-type="disp-formula"}.wherein *t*~0~ is the time that the solvent flowed through the capillary, *t* is the time that the solution flowed through the capillary, η~r~ is relative viscosity, η~sp~ is specific viscosity, *c* is the concentration of solution, and \[η\] is intrinsic viscosity.

4.4. Determination of Molecular Weight {#sec4.4}
--------------------------------------

The viscosity average molecular weight of *M̅*~η~ of the chain-extending product was obtained by the Mark--Houwink^[@ref39]^ nonlinear equation ([eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}).wherein \[η\] is intrinsic viscosity, *M̅*~η~ is viscosity average molecular weight, and *K* and α are the Mark--Houwink constants that are 0.021 and 0.82, respectively, which could be found and obtained according to the solvent system.^[@ref40]^

4.5. DSC Test {#sec4.5}
-------------

The crystallization property of PET was tested using a DSC 214 Polyma differential scanning calorimeter from Netzsch, Germany. After 5--10 mg of samples was taken and rapidly heated to 280 °C at a rate of 50 °C/min in a N~2~ atmosphere for 5 min to eliminate thermal history, these samples were cooled to 20 °C at a rate of 10 °C/min to obtain the crystallization curve. Then, these samples were heated to 280 °C at a rate of 10 °C/min to obtain the melting curve.

4.6. POM Test {#sec4.6}
-------------

The crystallization morphology of PET was observed by using a NIKON 50I Nikon polarizing microscope with a cooling/heating system from Nikon Instruments (Shanghai) Co., Ltd. A small amount of samples was placed in the cooling/heating system that was preheated to 270 °C. After the samples were completely melted, a layer of cover glass was added on the surface of samples, and the samples were pressed into thin sheets. Then, after the resulting samples were rapidly cooled to 220 °C at a rate of 150 °C/min for 5 min to crystallize, the crystallization morphology of samples was observed.

4.7. XRD Test {#sec4.7}
-------------

The crystal structure of PET was analyzed by using a D/max 2500 PC X-ray diffractometer from Japan. The Cu target operating at 60 kV and 300 mA was used. The scanning speed was 2 °C/min. The scanning range was 5--50°. PET was needed to anneal in an oven at 180 °C for 2 h before testing.

4.8. Test of Mechanical Property {#sec4.8}
--------------------------------

Mechanical property of PET was tested by using an AGS-10KND universal testing machine from Shenzhen Kaiqiangli Test Instrument Co., Ltd. The tensile strength test is performed according to GB/T 1447-2005, the bending test is carried out according to GB/T 1449--2005, and the Izod unnotched impact strength test is achieved according to GB/T 1843-2008.

4.9. Melt Flow Rate (MFR) Test {#sec4.9}
------------------------------

A melt flow rate meter (ZRZ1452, Shenzhen Xinsansi Materials Testing Co., Ltd., Shenzhen, China) was used to test the flow performance of PET. The test temperature is 260 °C, a constant force was applied, the total weight of the pressing rod is 2160 g, and the final MFR value is the total weight of the polymer flowing out of the dye within 10 min.
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